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Audiovisual bounce-inducing effect: when sound congruence affects grouping in vision One of the most depicted figures in psychology textbooks illustrates two lines crossing each other (e.g., Gray, 2002) . This figure is used to explain a perceptual grouping principle, the Gestalt principle of continuity (Wertheimer, 1923): although the four segments composing the cross can be grouped in several ways, what we see is two lines crossing each other. Grouping by continuity applies not only to static figures but also to objects in motion, provided that the two objects are "passing simultaneously over the same point" (Koffka, 1935, p. 301) . This is, for example, the case of the Metzger's motion display (Metzger, 1934 ). This motion display shows two identical objects (e.g., two discs) that move along the azimuth with uniform rectilinear motion and opposite directions: discs start their motion, overlap and stop at the other disc's starting point (see Figure 1 ).
----------------------------FIGURE 1 ABOUT HERE ----------------------------
This motion display served to Metzger (1934) to show that the continuity principle applies to objects' motion. Vision is here facing an "inverse optics" problem (Marr, 1982) because the objects' two dimensional motion pattern is equally representative of two very different events in the real, three-dimensional world. In both events the observer is looking at two objects placed at different depths so that the retinal images of both have identical size. In one event, the objects start their motion, overlap (i.e., one object occludes the other), then stream past one another (respectively, trajectories A-C, C-D in Figure 1 ). In the other A278RA 4 possible event, on the contrary, after the occlusion, the objects reverse their motion and return to their original starting position (respectively, trajectories A-D, C-B in Figure 1 ). In summary, the discs of the Metzger's display could be perceived as either bouncing off or streaming through each other. But the bistability of the display remains potential when it comes to the observers' responses. Observers, in fact, group by continuity of motion and report to perceive the streaming percept much more often than the bouncing percept (less than 0-20% of bounce responses, Berthenthal, Banton, & Bradbury, 1993 , Sekuler & Sekuler, 1999 Watanabe & Shimojo, 1998; Kawabe & Miura, 2006; Kawachi & Gyoba, 2006; Remijn & Ito, 2007; Grassi & Casco, 2009 ). In the recent past, however, Sekuler, Sekuler and Lau (1997) , showed that grouping by continuity can be extinguished crossmodally:
it is sufficient to play a brief sound when the discs overlap to increase the number of bounce responses from 10-20% to 80-90% (Sekuler et al., 1997; Watanabe & Shimojo, 2001a , 2001b Remijn, Ito, & Nakajiama, 2004; Kawabe & Miura, 2006; Kawachi & Gyoba, 2006; Zhou, Wong, & Sekuler, 2007; Grassi & Casco, 2009; Grove & Sakurai, 2009 ). Here, we refer to this change in the observer response to as audiovisual bounce-inducing effect (ABE).
Literature suggests that the origin of the ABE is double. The first component at the basis of the effect is thought to be attentional. When looking at the silent display, grouping by continuity of motion occurs thanks to attention. Attention integrates the discs' local motion signals when the discs overlap thus favouring the perception of streaming (Watanabe & Shimojo, 1998; Watanabe & Shimojo, 2005; Kawabe & Miura, 2006) . In audiovisual displays, the sound is presented when the integration process is occurring, i.e., when the discs overlap. Therefore, it subtracts A278RA 5 [footnote 1] part of the attentional resources that are necessary for the execution of the integration process. Coherently with the attentional hypothesis, bounce responses can be induced also with brief tactile or visual stimulations as long as they are delivered simultaneously with the discs overlap (Watanabe & Shimojo, 1998; Watanabe & Shimojo, 2005; Kawabe & Miura, 2006) . A perfect temporal coincidence is, however, not necessary to perceive the ABE. In fact, the bounce percept is predominant (although less compelling) even when sounds are switched on before or after the discs' overlap (e.g., Sekuler et al., 1997; Remjin, et al., 2004) . The width of the temporal window of the bounce percept is about 200-ms (Watanabe & Shimojo, 2005) and the ABE extinguishes if the sound is presented out of this window (e.g., 300-ms before/after, Watanabe & Shimojo, 2001 ).
Recently, however, Grassi and Casco (2009) showed that the attentional component cannot account for the explanation of the whole effect and that (the lack of) attention is necessary (but not sufficient) for a compelling ABE. Authors found that, in order to observe an enhanced ABE, the sound needs also to be congruent in comparison to that of a real, elastic bounce. Authors argued that the intensity profile (i.e., the envelope) of real, bounce sounds (i.e., impact sounds, Gaver 1993a, see below) is invariably characterized by an abrupt amplitude attack followed by a gradual amplitude decay. In the experiment, Grassi and Casco (2009) accompanied the Metzger's display with sounds whose envelope was either bounce-congruent (i.e., abrupt amplitude attack followed by a gradual amplitude decay) or bounce-incongruent (an impact-realistic sound reversed in time) and found that the former induced the ABE much more than the latter. In one experiment in particular, this was observed despite the bounce-incongruent sound A278RA 6 was 20-dB higher in level than the bounce-congruent sound and despite the bounce-incongruent sound was judged by all participants as much more salient than the bounce-congruent one (Grassi & Casco, 2009, Experiment 2 ). In the current study, we further investigate the role of this non-attentional component of the ABE.
The soundscape we live in is full of a variety of sounds and many of these do not result from the contact between solid objects such as in elastic impacts (i.e., bounces). Humans categorize environmental sounds according to the physical event at the origin of the sound, by listening to the differences in timbre between the sounds (Gaver, 1993a (Gaver, , 1993b ). Gaver's (1993a) perceptual taxonomy of environmental sounds divides sounds into three categories: those resulting from the interaction of vibrating solid objects (e.g., impact sounds), those resulting from the interaction of liquids (e.g., dripping) and aerodynamic sounds (e.g., explosions).
Although our capability to identify a given sound source event varies from sound to sound (Ballas, 1993; Gygi, Kidd, & Watson, 2004) , listeners do not seem to confuse sounds across these three categories (Gaver, 1993a) . Interestingly, the envelope of isolated impact, liquid and aerodynamic sounds is similar and it is invariably characterized by an abrupt amplitude attack followed by a gradual amplitude decay (Gaver, 1993a ). In the current study, we accompanied the Metzger's motion display with either an impact sound (a billiard ball striking a second billiard ball), a liquid sound (a water drop falling into water), or an aerodynamic sound (the explosion of a firework). Although the three sounds have similar envelopes (i.e., abrupt amplitude attack, gradual amplitude decay, see Figure 2 ), only the billiard sound is congruent with the bouncing event of solid A278RA 7 objects and should, therefore, promote (more than the other sounds) the perception of bouncing.
The current study is articulated in two parts. The first part consists of the main experiment, subdivided in Experiment 1a and 1b, and followed by a brief sound recognition task and by two sound categorization tasks. In Experiment 1a, participants reported their perception (i.e., streaming or bouncing) by looking at the Metzger's display accompanied by either the sound of the billiard ball, that of the water drop, that of the firework, or by no sound. Participants were provided with no foregoing information about the sounds used in the experiment. The results of Experiment 1a were qualified by those of Experiment 1b where participants performed the same task, however, the sounds' envelopes were filled with noise to clear the timbre differences between the sounds. Successively, participants performed two sound categorization tasks, the first with the sounds used in Experiment 1a, the second with the sounds used in the Experiment 1b. The sound categorization tasks were also preceded by a free sound recognition task. In Experiment 1a and 1b, we expect all audiovisual motion displays to induce the ABE in comparison to the silent version of it. In addition, in Experiment 1a only, we expect the billiard sound to induce (more than the other sounds) the bouncing percept.
The second part of the current study consists of two additional control experiments, Experiment 2 and Experiment 3, that were carried out post-hoc A278RA 8 following the reviewers' suggestions and that further assess the findings and the assumptions of the main experiment.
Experiment 1

Method
Participants. Sixteen participants (three males) with normal or corrected to normal vision and normal hearing participated in the experiment. They were all naïve as to the purpose motivating the study.
Apparatus. We wrote our experiments in Matlab (Mathworks ©) using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . The software was running on a Pentium IV computer connected to a NEC Multisync FP950 monitor (100-Hz refresh rate). Sounds had a sample rate of 44.1-kHz and 16 bits resolution.
The output of the soundcard (M-AUDIO Fast Track Pro), was passed to two M-AUDIO Studiophile AV 30 amplified speakers. The speakers were placed at the left/right of the monitor's sides and the speakers' drivers were aligned with the monitor's horizontal midline so that sounds were perceived as originating from the monitor's centre (Bertelson & Aschersleben, 1998) . The experiment was conducted in a dark and silent (below 35-dBA at listener's ear) room. During the experiments, the sounds' peak pressure at listener's ear was 95±2-dBA. Sound stimulus: Experiment 1b. In Experiment 1b the motion displays were accompanied by a filled-with-noise version of the sounds used in the Experiment 1a. The envelopes of billiard, water drop and firework sounds were extracted as A278RA 10 follow. The original sound waves were full-rectified and the resulting signals were low-pass filtered at 50-Hz and returned the sounds' envelopes. These envelopes were used to modulate the amplitude of a 500-ms long pink-noise. This is a classic procedure for neutralising a sound's meaning (Fastl & Zwicker, 2006) . In Experiment 1b, the three filled-with-noise sounds substituted the billiard, the water drop and the firework sounds used in Experiment 1a.
Sound stimulus: sound categorization tasks. These experiments used the audiovisual displays of either Experiment 1a or 1b with the exclusion of the silent display.
Procedure
The experiment was articulated in five sessions: Experiment 1a and 1b were followed by the free sound recognition task. At the end of the free sound recognition task the participant took the two sound categorization tasks.
Participants took Experiment 1a and 1b in counterbalanced order. Also the two sound categorization tasks were taken in counterbalanced order. In all experiments, participants viewed the display binocularly from a distance of 95-cm that was kept constant by mean of a chin-rest, moreover, they were asked to look at the fixation cross at the beginning of each trial [footnote 4]. In Experiment 1a and 1b participants looked at the display and reported whether they perceived the discs as streaming or bouncing by pressing the appropriate buttons on the computer keyboard. In the free sound recognition task each sound was played once in random order and the participant was asked to describe as accurately as possible the event at the origin of the sound. In the sound categorization tasks, participants were asked to categorize the sounds accompanying the audiovisual displays A278RA 11 presented in the Experiment 1a (or 1b). Participants were asked to categorize the sound while looking at the motion display and were given three categories: impact, liquid or aerodynamic sounds. In the free recognition task and in the sound categorization tasks participants received no feedback on their responses. In Experiment 1a and b there were twenty trials for each of the four audiovisual displays and the order of trials was random. In the sound categorization tasks there were five trials for each audiovisual display of Experiment 1a (or 1b).
Results and discussion
Participants' responses obtained in Experiments 1a and 1b were transformed into percentages of bounce responses separately for billiard, water drop, and firework displays as well as for the corresponding filled-with-noise displays.
Percentages of bounce responses were subjected to a 2 (Experiment 1a vs. 
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The same pair-wise comparisons were performed on the responses collected in Experiment 1b. Here, the number of bounce responses collected with silent displays was larger than in Experiment 1a (see Figure 3 , right) so that only the filled-with-noise water drop induced a greater ABE than the silent display (p=.046). Most importantly, the filled-with-noise billiard display did not gather more bounce responses than either the filled-with-noise water drop (p=.951) or the filled-with-noise firework display (p=1) (see Figure 3 , right).
Free sound recognition task. Many participants recognised the billiard sound (thirteen out of sixteen participants) whereas the water drop was recognized by only four participants and the firework was not recognized as such. Participants, however, confused this sound with either the sound of a rifle shot (eight out of sixteen) or the sound of a cannon shot (four out of sixteen).
Sound categorization tasks. Participants responses to the sound categorization tasks were coded as percentages of correct categorization for each participant and sound. Three one sample t-tests showed that participants correct categorizations exceeded chance level (i.e., 33%) for all sounds when displays were accompanied by the original sounds (all t>6.4, all p<.0001). With the original sounds, correct categorizations (M=92.0%, SD=3.5%) ranged from a minimum of 81.3% (the water drop) up to a maximum of 98% (the billiard ball). We run a further analysis on the categorization data. The sessions comprised five repetitions of the sounds.
Therefore, participants may have recognized the sound at its second, third, fourth A278RA 13 and fifth presentation. The responses to the five trials could be, therefore, not independent. For this reason, for each participant, we analysed only the responses in correspondence to the first presentation of each sound. Correct categorizations exceeded chance level (all t≥3, all ps<.05) for both the water drop (M=69%, SD=47%) and the firework sound (M=94%, SD=25%) and were at ceiling (i.e., M=100%) for the billiard sound. The data are presented in Figure 4 .
The same analyses were performed on data gathered with the filled-with-noise sounds. Here, correct categorizations were at chance level for the filled-with-noise billiard sound, t (15) These analyses were conducted also on the responses given to the first presentation of the sounds. Correct categorizations were at chance for the filled-with-noise billiard sound (t=-1.78, p>.05, M=195, SD=40%) and were at floor for the filledwith-noise water drop sound (M=0%). However, they exceeded chance for the filled-with-noise firework sound (t=9.72, p>.0001, M=75%, SD=45%). A closer look to the responses to this particular categorization task revealed that 60% of responses given by participants were "aerodynamic" [footnote 6].
In Experiment 1a, the billiard display gathered more bounce responses than the water drop and the firework display. This difference, however, disappeared in Experiment 1b when the sounds' timbres were cleared. In the free sound A278RA 14 recognition task, many participants recognized the billiard sound whereas the water drop and the firework sound were not recognized as much. However, in the sound categorization task, participants were nevertheless able to categorize correctly the event at the origin of the sounds when the sounds were those used in Experiment 1a but this ability disappeared when the sounds' timbres were cleared. 
Experiment 2
In the discussion of the results of Experiment 1a we hypothesised that the difference in the ABE observed with the billiard, the water drop and the firework sound could be due to a fast sound recognition process that enabled the participant to evaluate the congruence of the integrated audiovisual percept in comparison with an elastic impact before the discs' overlap. Therefore, if our speculation is correct, the difference in the number of bounce responses observed with the three sounds in Experiment 1a should disappear by making the sound's onset coincident with the disc's overlap. To test this prediction, in Experiment 2, the sounds of the Experiment 1a were switched on in temporal coincidence with the discs' overlap. Stimuli, apparatus and procedure. The apparatus and the motion display were identical to Experiment 1a. However, in audiovisual displays, sounds were switched on in coincidence with the discs' overlap. The task was identical to Experiment 1a. The results of Experiment 2 showed that the effect of the sounds' congruence/incongruence disappears when sounds are switched on in coincidence with the discs' overlap.
Results and discussion
Results
Experiment 3 investigates whether the three sounds used in Experiment 1a
were equally fast at capturing the participants' attention. The ABE is hypothesised to have an attentional component (Watanabe & Shimojo, 1998; Watanabe & Shimojo, 2005; Kawabe & Miura, 2006) and the simple reaction time is an indication of the capacity of a stimulus to capture attention (Jonides, 1981) . In Experiment 3, participants were asked to react as fast as possible to the sounds' onsets of the displays used in Experiment 1a. Experiment 3 aims at controlling (at least partially) whether there is any difference in the capacity to capture attention of the three sounds, in particular the billiard sound.
Method
Subjects. One group of twelve new participants (with normal or corrected to normal vision and normal hearing) participated in the experiment. They were all naïve as to the purpose motivating the experiment.
Stimulus, apparatus and procedure. Participants viewed 16 displays: 1 unimodal, 15 audiovisual. In the audiovisual displays, in contrast to those of Experiment 1a, sounds were switched on either in synchrony, ±100 ms before/after, or ±200 ms before/after the discs' overlap. In Experiment 3, we extended the range of times when sounds could be switched on because we wanted the sounds' onsets to be unpredictable. Each display was presented 10 times to the participant for a total of 160 trials. Displays were presented in random order, and the participant was asked to press the spacebar as soon as she (or he) could hear the sound accompanying the display. Silent displays were used as catch trials: participants did A278RA 17 not have to respond to these stimuli. Reaction times were calculated as the interval between the sound's onset and the spacebar pressure.
Results and Discussion
Participants' responses to catch trials, reactions smaller than 120-ms (i.e., anticipations), and reactions greater than 500-ms (i.e., delayed responses) were excluded from the analysis. Excluded data were ~6% of the data collected.
Reaction times were subjected to a 3 (sounds) one-way ANOVA. Participants' reactions were independent of the sound type: F(1, 22)=2.81, p>.05. Mean reactions to the three sounds were, respectively: billiard (M=289.6-ms SD=85.0-ms), water drop (M=291.8-ms, SD=90.2-ms) and firework (M=297.5-ms, SD=89.9-ms).
The results of Experiment 3 show that subjects were equally fast at responding to the onset of the billiard, the water drop and the firework sound. The absence of a difference in the reaction times, however, may not necessarily imply the lack of differential attentional processing of the three sounds. Nevertheless, there is clear evidence that the sounds' timbre is extracted without attention focused on it. (Jacobsen, Schröger, & Alter, 2004; Jacobsen, Schröger, & Sussman, 2004; Tervaniemi, Winkler, Naatanen, 1997) . Therefore, the results of the current experiment, together with the evidence of the preattentive processing of timbre, lead us to conclude that is it unlikely that the three sounds had a differential capacity to subtract attentional resources.
General discussion
The results of Experiment 3 suggest that, as far as we could test, the natural sounds used in the current study did not differ in the capacity to capture the A278RA 18 participant's attention. Nevertheless, in Experiment 1a, the billiard display induced a greater ABE than the water drop and the firework display. In Experiment 1b, on the contrary, when the timbre of the sounds was cleared, the results changed: all displays accompanied by sound returned the same number of bounce responses. In the free sound recognition task, many participants recognized the billiard sound whereas the water drop and the firework sound were not recognised as much.
However, in the sound categorization task of Experiment 1a participants easily categorized all the sound source event types. The sounds, nonetheless, were not categorized when the sounds' timbres were cleared, i.e., when the sounds' envelopes were filled by the pink-noise. Moreover, Experiment 2 showed that the effect of the sounds' congruence/incongruence observed in Experiment 1a disappeared when sounds were switched on in coincidence with the discs' overlap.
The results of the current study do not agree with the view that attention alone is at the origin of the ABE. In literature, this view is supported by the finding that the subtraction of attention is sensory aspecific: indeed, also signals delivered to sensory modalities other than audition (e.g., touch) induce the bounce percept (Watanabe & Shimojo, 2005) . However, the results of our previous study (i.e., Grassi & Casco, 2009) suggested that a second component is involved in the ABE: namely the congruence of the audiovisual percept in comparison with a real elastic bounce. In that study, the effect of this second component could be observed when we compared the effect of a bounce-congruent sound (abrupt attack at 75-dBa, gradual decay to 55-dBa) with the effect of a bounce-incongruent sound (abrupt attack at 75-dBa, gradual increment to 95-dBa) and found that, despite the sounds' identical abrupt onsets, and despite the latter sound was evaluated by participants A278RA 19 as more salient than the former, the former collected more bounce responses than the latter. The results of the present study also suggest that attention alone is insufficient for explaining the ABE, moreover, they suggest that the congruence of the audiovisual percept in comparison to a real elastic bounce plays a role in the ABE. In the current experiment, all sounds were characterized by similar envelopes. Therefore, they all reduced the attentional resources necessary for the motion integration in a similar fashion (see results of Experiment 3). (In this regard, the reader should keep in mind that the billiard sound was also the less intense sound of the lot and that the ABE is known to be directly correlated with the sound's intensity [Watanabe & Shimojo, 2001a; Grassi & Casco, 2009; Dufour, Touzalin, Moessinger, Brochard, & Despres (2008) ]. However, the billiard sound in particular fitted with a bouncing event of solid objects thus, this display gathered more bounce responses than the water drop and the firework display. The results of Experiment 1b support this conclusion: when the timbre of the sound was cleared, the filled-with-noise billiard sound display did not gather more bounce responses than the other two filled-with-noise audiovisual displays. In brief, we believe that the results of the current study highlight the role of sound-congruence more clearly than those of our previous study (Grassi & Casco, 2009) . In that experiment the ABE was modulated by modulating the intensive content of sounds and, as we wrote previously, the magnitude of the ABE is known to be related with the sounds' intensity. Here, however, the ABE was modulated by manipulating the non-intensive content of sounds (i.e., the frequency content) that is the timbre of the sounds. In the current Experiment 1a, the sounds' onset preceded of 200-ms the discs' overlap. 200-ms is an interval sufficient to allow participants to recognize A278RA 20 the billiard sound and successively evaluated the likelihood of perceiving a bouncing (or streaming) event by evaluating the congruence of the integrated audiovisual percept in comparison with an elastic impact (e.g., Ernst & Banks, 2002) . A common network of brain areas within the "what" auditory processing stream (e.g., the right posterior superior, the right middle temporal cortices and the left inferior frontal cortex) is activated as little as ~70-ms after a sound's onset (Murray et al., 2006) . Sounds' timbre is pre-attentively determinated from relatively short (150-ms) sound samples (Tervaniemi et al., 1997) . As a corollary, in a four alternative forced choice task, timbre recognition requires only as few as one-cycle of a sound wave to be performed over chance level whereas, for example, other elementary properties of sounds (e.g., pitch) require many cycles to be recognized with the same level of accuracy (Robinson & Patterson, 1995a; Robinson & Patterson, 1995b) . Moreover, the results of Experiment 2 support our explanation: when the sounds were switched on in coincidence with the discs' overlap (i.e., too late for the sound-congruence/bounce-likelihood comparison) the effect of the sound timbre disappeared. The exact origin of the sound-congruency component of ABE is however still unknown. The simplest hypothesis could be that the sound biases the participant's response toward the bounce response. All the studies on the ABE (including ours) have relied on self-report responses (i.e., "do you perceive streaming or bouncing"). All studies, therefore, have collected responses that are open to biases in signal detection terms (Green & Swets, 1966 ). To conclude, our results add information on how the human perceptual and cognitive system combines signals from multiple senses to form a coherent and unified percept of the outside world. Several previous data have investigated crossmodal binding but studies were often concentrated on how vision affects audition.
The ABE is interesting because it allows to investigate the modulation of vision by audition. The present results agree with the view that the audiovisual integration A278RA 22 occurs at multiple processing stages ranging from early sensory to semantic, and higher conceptual (or decisional) processes. At the behavioral level, multisensory integration information facilitates categorization of objects or novel events in our environment (Gottfried & Dolan, 2003; Laurienti et al., 2003 Laurienti et al., , 2004 Molholm et al., 2004; Beauchamp, Lee, et al., 2004) 2) With the exception of the billiard ball sound that, despite the amplification, was 5-dB less powerful than the other sounds.
3) We tested the timing accuracy of audiovisual displays with an oscilloscope.
On average the sound preceded the discs' overlap of 200±5-ms. Moreover, in order to avoid that timing and quality of audiovisual displays was different from that of silent displays (because of the call of the soundcard) all displays actually played a sound. The sound played during silent display had null amplitude. 4) We did not control, however, whether fixation was actually kept by the participants.
5) Here and in the successive analyses, the probability returned by repeated statistical tests was adjusted with the Bonferroni correction for the number of tests. 
